After fertilization of the transcriptionally silent oocyte, expression from both 21 parental chromosomes is launched through so-called zygotic genome 22 activation (ZGA), occurring in the mouse at the 2-cell stage. Amongst the first 23 elements to be transcribed are the Dux gene, the product of which secondarily 24 induces a wide array of ZGA genes, and a subset of evolutionary recent LINE-25 1 retrotransposons, which regulate chromatin accessibility in the early embryo. 26
Introduction 31
Mammalian embryonic development begins with the fertilization of a suggesting that the maternally inherited fraction of the protein plays an 59 important role in the early pre-implantation period (Madan et al. 2009 The downregulation of genes expressed in murine 2C embryos when Dppa4 72 is deleted in mESCs (Madan et al. 2009 ) suggested that its product might 73 regulate ZGA. We thus examined the expression of this gene and its paralog 74
Dppa2 in pre-implantation embryos. We found Dppa2 transcript levels to be 75 high from oocytes to blastocysts, and their Dppa4 counterparts to raise only at 76 ZGA ( Figure 1A transcripts in zygotes and 2C embryos, likely the remnants of maternal 85 transcripts, while their truncated counterparts were highly expressed in middle 86 and late 2C, that is, upon ZGA ( Figure 1C ). This indicates that maternally-87 inherited and ZGA-produced DPPA4 isoforms are different, and may have 88 distinct functions. In mESCs, we detected only full-length Dppa4 transcripts 89 (Supplementary figure 1C) , and their levels were comparable in wild-type 90 (WT) and Dux KO cells, indicating that Dppa4 expression is not regulated by 91 Figure 1D) . 92
DUX (Supplementary

DPPA2 and DPPA4 induce expression of DUX and other ZGA genes in 94
2C-like mESCs 95
A subpopulation of mESCs known as 2C-like cells cycles through a totipotent-96 like state where Dux and its ZGA-specific target genes are transiently 97 Figure 2BC ). We found that expression of 107 Dux, its downstream target Zscan4, and the MERVL-GFP reporter was lost 108 upon DPPA2 or DPPA4 depletion. To confirm these results, we deleted 109 Dppa2 or Dppa4 from mESCs by CRISPR/Cas9-mediated genome editing 110 ( Figure 2B ). Transcriptome analyses revealed a complete loss of transcripts 111 from Dux and most of its previously defined downstream target genes ( Figure  112 2CD, Supplementary Figure 2D ). Expression of some of these genes (Zscan4 113 and Tdpoz4) was rescued when Dux was ectopically expressed in Dppa2 or 114
Dppa4 KO mESCs ( Figure 2E ), suggesting that DPPA2 and DPPA4 act 115 upstream of DUX in the establishment of a 2C-like state in mESCs. We also 116 identified another subset of 1155 genes downregulated in both Dppa2 and 117
Dppa4 KO mESCs that were not controlled by DUX, including Mael, Tdrd1 118 and Prex2 ( Figure 2F , Supplementary Figure 2EF ). These genes were more 119 expressed in 2C-like cells than in the rest of mESCs population ( Figure 2G ). 120
Nevertheless, only 1/10 of these genes were transcribed specifically at ZGA 121 (Supplementary Figure 2G ), pointing to differences in the transcriptomes of 122 We overexpressed hemagglutinin (HA)-tagged forms of DPPA2 or DPPA4 in 124 the corresponding KO mESCs ( Figure 3A ). Expression of Mael, Tdrd1 and 125
Prex2 was restored, but not that of Dux and downstream targets such as 126
Zscan4 or Tdpoz4, perhaps because levels of complementation achieved for 127 either DPPA2 or DPPA4 proteins were below those detected for their 128 endogenous counterparts in control cells (Supplementary Figure 3A) . 129
130
DPPA2 and DPPA4 bind the promoters of Dux and other ZGA genes 131
In spite of this only partial complementation, chromatin immunoprecipitation 132 studies revealed that both DPPA2 and DPPA4 associated with the 5' region of 133 genes downregulated in their absence including Dux, and that these factors 134
were not enriched at DUX-recruiting promoters ( Figure 3BC , Supplementary 135 Figure 3B ). This strongly suggests that DPPA2 and DPPA4 are direct 136 activators of Dux, and secondarily induce genes such as Zscan4 and other 137 DUX-driven targets. Interestingly, DPPA4 lacking the SAP domain was still 138 able to bind the 5' end of Dux, albeit less strongly than the full-length protein, 139
and also associated with a sizeable fraction of DPPA4-controlled genes, the 140 expression of which it could partly rescue by complementation of Dppa4 KO 141 mESCs (Supplementary Figure 3C) . Therefore, the SAP domain is absolutely 142 essential neither for the genomic recruitment nor for the transactivating 143 activity of DPPA4. Finally, DPPA2 and DPPA4 were less enriched at the 144 promoter of Dux, Mael and Tdrd1 in mESCs deleted for the reciprocal paralog, 145 compared with control cells (Supplementary Figure 3D ). It indicates that 146 DPPA2 and DPPA4 are best recruited jointly at target genes, consistent with 147 the recent demonstration of their heterodimerization potential (Hernandez et al. 148 2018) . We attempted to delineate more precisely the sequence motifs 149 recognized by DPPA2 and DPPA4, and could only determine that the two 150 proteins favor GC-rich regions such as found at the 5' end of Dux or CpG 151 islands ( Figure 3D , Supplementary Figure 3EF ). 152
153
DPPA2 and DPPA4 regulate the expression of young LINE-1s in mESCs 154
Upon comparing the transposcriptomes (sum of transposable elements-155 derived transcripts) of WT, Dppa2-and Dppa4-deleted mESCs, we found that 156 levels of MERVL-int, L1Md_T, and L1Md_A RNAs dramatically dropped in the 157 KO cells ( Figure 4AB , Supplementary Figure 4A ). We further determined that, 158 similar to MERVL, L1Md_T and L1Md_A were more highly expressed in the 159 2C-like subpopulation of mESCs ( Figure 4C ). Figure 4B ). However, L1Md_T and 166
L1Md_A transcript levels dropped when DPPA2 and DPPA4 were depleted 167 from Dux KO mESCs by RNA interference (Supplementary Figure 4C) . 168
Furthermore, chromatin immunoprecipitation analyses found HA-tagged forms 169 of DPPA2 and DPPA4 enriched at the 5'-end of L1Md_T and L1Md_A, but not 170 MERVL-int ( Figure 4DE ). Interestingly, the 5' untranslated region of LINE-1 171 responsible for recruiting DPPA2 and DPPA4 has a high GC content (Dai et al. 172 2017) . Of note, deleting the SAP domain of DPPA4 reduced its recruitment at 173
L1Md_A but not L1Md_T integrants ( Figure 4DE) . The ORFs were then shuttled in a pTRE-3HA, which produces proteins with 237 three C-terminal HA tags. The cDNAs, including Dux, followed by HA tags 238 were finally cloned into a pWPTs-GFP HIV1-based transfer vector in place of 239 the GFP reporter using the In-Fusion® HD Cloning Kit (Clontech) and the 240 primers shown in Table S1 . pMD2-G encodes the vesicular stomatitis virus G combined with the appropriate primers (design in Figure 1A ; primer 278 sequences in Table S2 ). 279
Total RNA from cell lines was isolated using the High Pure RNA Isolation Kit 280 (Roche). cDNA was prepared with SuperScript II reverse transcriptase 281 (Invitrogen). Primers listed in Supplementary Table S1 were used for SYBR 
